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Abstract 
Embedded real-time applications increasingly present high computation requirements, which need to be completed 
within specific deadlines, but that present highly variable patterns, depending on the set of data available in a 
determined instant. The current trend to provide parallel processing in the embedded domain allows providing higher 
processing power; however, it does not address the variability in the processing pattern. Dimensioning each device for 
its worst-case scenario implies lower average utilization, and increased available, but unusable, processing in the overall 
system. A solution for this problem is to extend the parallel execution of the applications, allowing networked nodes to 
distribute the workload, on peak situations, to neighbour nodes. In this context, this report proposes a framework to 
develop parallel and distributed real-time embedded applications, transparently using OpenMP and Message Passing 
Interface (MPI), within a programming model based on OpenMP. The technical report also devises an integrated timing 
model, which enables the structured reasoning on the timing behaviour of these hybrid architectures. 
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$;%&%$.1&#2%.#(0! (C! ;+*&#'! JF10-:A-:=! F&(8&%E63!
$(06#'1&#08!.;1!F(66#*#9#.+!(C!'#6.&#*5.1'!$(EF5.%.#(06!%0'g!
##S!M1!C($56!#0!.;1!E('19!.;%.! #6!%*91!.(!E%F!.;1!*1;%N#(5&!
(C! JF10-:! $(06.&5$.6! R$('1! *9($P6S! %0'! -:=! $(06.&5$.6!
R610'A&1$1#N1! (F1&%.#(06S! #0.(! .;&1%'63! 10%*9#08! .;1! .#E#08!
%0%9+6%*#9#.+!(C! 65$;!P#0'!(C!F&(8&%E63! #06.1%'!(C! C($56#08!
(0!.;1!%0%9+6#6!#.619CI!

===I! J:@B-:!aBK!-:=!:"J)"a--=B)!-JK@4>!

!"! #$%&'()(*+,*-../&,)'+0%1)
?;1!JF10-:!a:=!;%6!*110!'1N19(F1'!.(!F&(N#'1!F(&.%*#9#.+!
%0'! %! 561&,C&#10'9+! 10N#&(0E10.! C(&! F&(8&%EE#08! 6;%&1'!
E1E(&+!E59.#F&($166(&!E%$;#016!U\XI!?;1!8&1%.!65$$166!(C!
JF10-:! %6! %! F&(8&%EE#08!E('19! &19#16! (0! .;1! 6#EF9#$#.+!
(C! 8101&%.#08! F%&%9919! F&(8&%E6I! 75&.;1&E(&13! #.! #6! N1&+!
1CC#$#10.! C(&! $&1%.#08! #0$&1E10.%9! F%&%9919#6E! C&(E! 1O#6.#08!
61T510.#%9!$('1I!!
JF10-:! F&(8&%E6! C(99(M! .;1! C(&P,`(#0! F%&%'#8EI! ?;1!
6.&5$.5&1! (C! %! F%&%9919! JF10-:! F&(8&%E! $(0.%#06i! #S! %!
61T510.#%9! F%&.! R1I8I3! 6(E1! <A<jj! N%&#%*91! #0#.#%9#2%.#(06Sg!
##S! 6(E1!F%&%9919! $(06.&5$.6! R1I8I! F%&%9919! 61$.#(06S3! .;%.! %&1!
#061&.1'!#0!.;1!$('1!C(&!&1%9#2#08!%!F%&%9919!1O1$5.#(0!RC(&PS!
%0'!C#0%99+g!###S!.;1!61.!(C!8101&%.1'!.;&1%'6!%&1!&1'5$1'!R1I8I!
.;1!&1'5$.#(0!$9%561S!.(!8101&%.1!.;1!C#0%9!&1659.!R`(#0SI!!
=0! .;#6! F%F1&3! M1! (09+! %0%9+61! .;1! E(6.! &191N%0.! JF10-:!
$(06.&5$.63!M;#$;!%&1!65CC#$#10.!C(&!F%&%9919#2#08!.;1!E%`(&#.+!
(C!%FF9#$%.#(06I!@N10!E(&13!(01!(C!.;1!$(0.&#*5.#(06!#0!.;#6!
F%F1&! #6! .(! '1&#N1! %! 8101&#$! &1%9,.#E1! E('19! C(&! JF10-:!
F&(8&%E6I!
=0!JF10-:3!.;1!$-*-11%1)2+&34*524!'1C#016!%!618E10.!(C!.;1!
$('1! .(! *1! 1O1$5.1'! #0! F%&%9919g! .;#6! 618E10.! #6! P0(M0! %6!
$-*-11%1) *%,/+&I!?;1! $(06.&5$.! #6! '1C#01'!*+! .;1!#pragma 
omp parallel '#&1$.#N1! R7#85&1! VSI!c;101N1&! %! .;&1%'!



10$(50.1&6! %! $-*-11%1) 2+&34*5243! .;#6! .;&1%'! *1$(E16! .;1!
.-34%*) 46*%-0) %0'! #.! $&1%.16! %! .1%E!(C! .;&1%'63!M;#$;!M#99!
&50!.;1!$('1!#06#'1!.;%.!$('1!618E10.I!
!
1. #pragma omp parallel sections num_threads(2){ 
2.    #pragma omp section{ 
3.       #pragma omp single 
4.          /*variable initialization*/; 
5.    } 
6.    #pragma omp section{ 
7.       function_1(); 
8.    } 
9. } 

7#85&1!VI!! :%&%9919!61$.#(06!%0'!6#0891!$(06.&5$.!1O%EF91I!

a.! .;1! 10'! (C! %! $-*-11%1) *%,/+&! .;1&1! #6! %0! #EF9#$#.!
6+0$;&(0#2%.#(0!E1$;%0#6E!$%991'!%!7-**/%*! R9#01!^3!7#85&1!
VSI!?;1&1!#6!%!F(66#*#9#.+!(C!56#08!%!nowait $9%561!M;#$;!
#0;#*#.6!.;1!7-**/%*!%0'!%99(M6!$(0.#05#08!.;1!1O1$5.#(03!*5.!
#.! #6! 0(.! $(06#'1&1'! #0! .;#6! F%F1&I! @%$;! .;&1%'! 1O1$5.16! #.6!
%66($#%.1'! $('1! %0'! M%#.6! %.! .;1! 10'! 7-**/%*3! M;10! %99!
.;&1%'6!.1&E#0%.1!(09+!.;1!.-34%*)46*%-0!$(0.#0516I!
=0! (&'1&! .(! F&(N#'1! .;1! '16#&1'! C50$.#(0%9#.+! .(! $-*-11%1)
2+&34*52433! JF10-:! F&(N#'16! %! 61.! (C! 8+*9:36-*/&,)
2+&34*5243I! ?;161! $(06.&5$.6! %&1! #0! $;%&81! (C! '#6.&#*5.#08!
$(EF5.%.#(0!%E(08!.;&1%'6!#0!JF10-:!F&(8&%E6I!!
?;161!8+*9:36-*/&,)2+&34*5243!$%0!*1!$(EF91E10.1'!%0'A(&!
E('#C#1'! M#.;! %! 61.! (C! $9%5616! .(! $(0.&(9! .;1! F%&%9919!
1O1$5.#(0I! JC! F%&.#$59%&! #EF(&.%0$1! #0! .;1! $(0.1O.! (C! .;#6!
M(&P! #6! .;1! numthreads(n)! $9%5613! M;#$;! #6! 561'! .(!
6F1$#C+! .;1! 05E*1&! (C! .;&1%'! #0! M;#$;! .(! 6F9#.! %! $-*-11%1)
*%,/+&I!?;1!E(6.!&191N%0.!8+*9:36-*/&,!$(06.&5$.6!C(99(MI!
?;1!%E(50.!(C!F%&%9919#6E!%$;#1N1'!*+!%!3%24/+&3)2+&34*524!
#6! %! C50$.#(0! (C! .;1! 05E*1&! (C! .;&1%'6! %0'! 05E*1&! (C!
#0'#N#'5%9! F%&%9919! 61$.#(0! $9%5616! %66($#%.1'! .(! #.I! @%$;!
61$.#(0! #6! '1C#01'! *+! .;1! #pragma omp section!
'#&1$.#N1I!
?;1!3/&,1%)2+&34*524!(#pragma omp singleS!6F1$#C#16!
.;%.!.;1!%66($#%.1'!6.&5$.5&1'!$('1!*9($P!#6!1O1$5.1'!*+!(09+!
(01! (C! .;1! .;&1%'6! #0! .;1! .1%E! R0(.! 01$166%&#9+! .;1!.-34%*)
46*%-0SI! ?;1! (.;1&! .;&1%'6! #0! .;1! .1%E3! M%#.! %.! %0! #EF9#$#.!
7-**/%*!%.!.;1!10'!(C!.;1!3/&,1%)2+&34*524)R9#01!e3!7#85&1!VSI!
=0! %! 6#E#9%&! M%+! .;1! #pragma omp master! '#&1$.#N1!
85%&%0.116! .;%.! (09+! .;1! .-34%*) 46*%-0! M#99! 1O1$5.1! %!
6F1$#C#$! $('1! *9($PI! 7#85&1! V! '1F#$.6! %! C&%8E10.! (C! $('1!
&19%.1'! .(! .;1! 561! (C!parallel section! %0'!single!
$(06.&5$.6I!!
?;1! 1++$)2+&34*524! #6!6#80%991'! .(! .;1!$(EF#91&! .;&(58;! .;1!
#pragma omp for '#&1$.#N1! %0'! #6! 561'! .(! '#N#'1! .;1!
for! $+$91! #.1&%.#(0! .;&(58;! 61N1&%9! .;&1%'6I!?;#6! '#&1$.#N1!
;%6! '#CC1&10.! *1;%N#(5&6! '1F10'#08! (0! .;1! 6$;1'591&! .+F1!
6191$.1'3!M;#$;!#6!'1.1&E#01'!*+!#0.1&0%9!JF10-:!N%&#%*916!
(&!*+!.;1!schedule(…)!$9%561I!!
?;#6!'#&1$.#N1!E#8;.!%96(!*1!%66($#%.1'!M#.;!%!reduction!
$9%561I! 7#85&1! h3! '1F#$.6! %! C&%8E10.! (C! $('1! 1O1EF9#C+#08!
.;1!parallel for!$(06.&5$.!#0!JF10-:I!=0!.;#6!1O%EF91!
.;1!C(&!9((F!#.1&%.#(06!%&1!'#N#'1'!*+!.;&11!.;&1%'63!1%$;!(01!

1O1$5.#08! .M(! #.1&%.#(06I! JF10-:! %96(! F&(N#'16!
C50$.#(0%9#.+! C(&! 016.1'! F%&%9919#6EI! c;101N1&! %! .;&1%'!
10$(50.1&6!%0(.;1&!F%&%9919!$(06.&5$.3! #.!$&1%.16!%!01M!.1%E!
(C! .;&1%'6! %0'! #.! *1$(E16! .;1! 01M! E%6.1&! .;&1%'! (C! .;%.!
.1%EI! ?;#6! %99(M6! 1OF9(#.#08! 1O.&%! F%&%9919#6E! #0! JF10-:!
F&(8&%E6I!!
!
1.   #pragma omp parallel for  
       num_threads(3) reduction(+:sum){ 
2.         for (i = 0; i < 6; i++) 
3.            loopCode(); 
4.      } 
5.   } 

7#85&1!hI!! :%&%9919!C(&!'#&1$.#N1!1O%EF91I!

;"! '(<)(*+,*-../&,).+0%1)
?;1!-:=! 6F1$#C#$%.#(0! ;%6! *1$(E1! %! '1! C%$.(! 6.%0'%&'! C(&!
'1N19(F#08!F%&%9919!'#6.&#*5.1'!F&(8&%E6!56#08!.;1!E166%81!
F%66#08! F%&%'#8E! U]X3!M;#$;3! %E(08! (.;1&3! $%0! #EF91E10.!
.;1! C(&P,`(#0! F%&%9919! F&(8&%EE#08! E('19I! <(EE(0! C(&P,
`(#0! F&(8&%E6! #EF91E10.1'! #0! -:=! ;%N1! #S! %! 61&#%9!
1O1$5.#(0! $('1! 618E10.! R1I8I3! N%&#%*916! '1$9%&%.#(0! %0'!
#0#.#%9#2%.#(0Sg!##S!.;1!-:=!10N#&(0E10.!#0#.#%9#2%.#(0!R1I8I3!%!
$%99! .(! MPI_Init(…)Sg! ###S! %0! 1OF9#$#.! M(&P! 6F9#..#08!
%98(&#.;E3! C(&! .;1! '#6.&#*5.#(0! (C! .;1! M(&P9(%'! %E(08! .;1!
F&($166#08!191E10.6!R.;1!6F9#..#08!%98(&#.;E!#6!#EF91E10.1'!
*+! .;1! F&(8&%EE1&Sg! #NS! .&%06C1&! (C! '%.%3! 56#08! E166%81!
F%66#08! $%996! R1I8I3! $%996! .(! MPI_Send(…)3!
MPI_Recv(…)Sg!NS!%0!1O1$5.#(0!(C!.;1!$(EF5.%.#(06g!N#S!%!
&1'5$1!(C!.;1!F%&.#%9!&1659.6!C&(E!&1E(.1!0('16!.(!(*.%#0!.;1!
C#0%9! (01! R1I8I3! %! $%99! .(! MPI_Reduce(…)Sg! %0'! N##S! .;1!
C#0%9#2%.#(0! (C! .;1! 1O1$5.#(0! R1I8I3! %! $%99! .(!
MPI_Finalize(…)SI! a! $('1! C&%8E10.! 1O%EF91! #6!
F&1610.1'!#0!7#85&1!WI!
a!0(&E%9!-:=!F&(8&%E!6.%&.6!M#.;!%!$%99!.(!MPI_Init(…)!
&(5.#01! .(! #0#.#%9#21! .;1! -:=! 10N#&(0E10.! R9#01! WSI! ! ?;#6!
$&1%.16! %! 2+..5&/2-4+*3! M;#$;! 8&(5F6! %! 61.! (C! -:=!
F&($16616!#0!%!9($%9!(&!#0!'#CC1&10.!0('16I!a99!-:=!E166%816!
E56.! 6F1$#C+! %! 2+..5&/2-4+*! C(&! #0.1&$;%081! (C! E166%816!
*1.M110!.;1!F&($16616!*19(08#08!.(!.;1!6%E1!2+..5&/2-4+*I!
MPI_Comm_rank(…)3! &1.5&06! .;1! k&%0Pl! R.;1! =KS! (C! %!
F&($166!M#.;#0!.;1!%66($#%.1'!2+..5&/2-4+*I!!
?;1! &1%9! F(.10.#%9! (C! -:=! F&(8&%E6! #6! &1%9#21'! *+! .;1!
2+..5&/2-4/+&)*+54/&%3I!?;161!$(EE50#$%.#(0!&(5.#016!%&1!
.;1! (016! .;%.! &1%9#21! .;1! &1%9! '#6.&#*5.#(0! (C! M(&P9(%'! .(!
F&($16616! C(&! &1%9#2#08! .;1! F%&%9919! $(EF5.%.#(06I! -:=!
$(EE50#$%.#(06! $%0! *1! :(#0.,.(,:(#0.! (&! <(991$.#N1I! ?;1!
E(6.! 561'! -:=! $(EE50#$%.#(0! C50$.#(06! %&1!
MPI_Send(…)! %0'! MPI_Recv(…)3! M;1&1! .;1! C#&6.! #6! %!
0(0,*9($P#08!$%99!%0'! .;1! 61$(0'!*9($P6!50.#9!%!E166%81! #6!
&1$1#N1'I!!
a96(3!-:=! #EF91E10.6! &1'5$1! (F1&%.#(063! #0! %0! %0%9(8(56!
M%+!.(!JF10-:!.;&(58;!.;1!MPI_Reduce(…)!C50$.#(0I!
J01!#EF(&.%0.!'#CC1&10$1!*1.M110!JF10-:!%0'!-:=!#6!.;%.!
.;1! 9%6.! 91%N16! %99! .;1! *5&'10! (C! F%&%9919! $('#08! (0! .;1!
F&(8&%EE1&6! ;%0'63! M;#91! .;1! C#&6.! 65FF(&.6! #0$&1%6#08!



F%&%9919#6E!%.! .;1!$(6.!%99(M#08!9166! C91O#*#9#.+I!?;#6!#6!%96(!
.;1! &1%6(0! M;+! M1! $;((61! %! ;+*&#'! %FF&(%$;! M;1&1! .;1!
F&(8&%EE1&6Y!C&(0.,10'!#6!JF10-:!I!
!
1.    /* Variables declaration*/ 
2.    MPI_Init(…); 
3.    MPI_Comm_size(…); 
4.    MPI_Comm_rank(…); 
5.    if (rank == 0) { 
6.       MPI_Send(…); 
7.       MPI_Recv(…); 
8.    } 
9.    if (rank !=0){ 
10.       MPI_Recv(…); 
11.      /*Execution*/ 
12.      MPI_Send(…); 
13.      MPI_Finalize(); 
14.   } 

7#85&1!WI!! -:=!.M(,6#'1'!610'A&1$1#N1!1O%EF91I!

=bI! >L::J"?=B)!:a"a44@4AK=>?"=fL?@K!@m@<L?=JB!
c=?Q!J:@B-:A-:=!

f%61'!(0!.;1!JF10-:A-:=!$(06.&5$.6!M1!$%0!0(M!F&(F(61!
%!E('19!C(&!65FF(&.#08!F%&%9919A'#6.&#*5.1'!1O1$5.#(0I!!
?(! &1'5$1! .;1! $(EF91O#.+! (C! M&#.#08! F%&%9919! '#6.&#*5.1'!
F&(8&%E63!#0!(5&!C&%E1M(&P!%!F&(8&%EE1&!(09+!M&#.16!$('1!
#0! JF10-:! a:=! M#.;! E#0(&! $;%0816! .(! .;1! JF10-:!
6F1$#C#$%.#(0I! ?;161! #0$95'1! .;1! 1O.106#(0! (C! 1O#6.#08!
JF10-:!$(06.&5$.6! C(&!10%*9#08! .;1E! .(! 65FF(&.!M(&P9(%'!
'#6.&#*5.#(0!R65FF(&.1'!*+!-:=SI!?;1&1C(&13!.;1!-:=!$('1!#6!
0(.!6110!*+! .;1!F&(8&%EE1&! R-:=!$('1! #6! #EF9#$#.9+!$%991'!
*+!.;1!JF10-:!9#*&%&+S3!%0'!.;1!F&(8&%EE1&!(09+!011'6!.(!
6F1$#C+!M;#$;!JF10-:!$('1!*9($P6!$%0!*1!'#6.&#*5.1'!56#08!
.;1" #pragma omp" distributedParallel F&%8E%3!
6F1$#C+#08! #.6! '1%'9#01! .(! 1O1$5.1! .;%.! F%&%9919! $('1! *9($PI!
?;#6! #6! #9956.&%.1'! #0! 7#85&1! Z3! M;1&1! M1! 6F1$#C+! .;%.! .;1!
for! 9((F! $%0! *1! '#6.&#*5.1'! %E(08! W! .;&1%'63! %0'! .;1!
$(EF5.%.#(0! E56.! *1! $(EF91.1'! M#.;#0! %! '1%'9#01! (C! h__!
E#99#61$(0'6I!!
=0! .;#6! $%613! .;1! distributedParallel! '#&1$.#N13!
6#80%96! .;1! $(EF#91&! .(! 10%*91! .;1! F%&%9919#2%.#(0! (C! 6(E1!
#.1&%.#(06!(C!.;1!F%&%9919!C(&!9((F!(0!'#6.&#*5.1'!0('16I!Q(M!
.;1!'1$#6#(0!(C!M;#$;!$;50P6!.(!'#6.&#*5.1!#6!.%P103!#6!(5.!(C!
.;1! 6$(F1! (C! .;#6! F%F1&3! *5.! M1! %&1! $5&&10.9+! M(&P#08! (0!
65$;! %98(&#.;E! C(&!8+*9:36-*/&,! '#6.&#*5.#(0I! =.! #6! %96(! .;1!
&16F(06#*#9#.+! (C! .;1! $(EF#91&! .(! 8101&%.1! $('1! .;%.! $%0!*1!
'+0%E#$%99+! (&! 6.%.#$%99+! F%&%9919#21'! (0! .;1! '16.#0%.#(0!
0('13!%8%#0!56#08!JF10-:I!!
!
1. #pragma omp distributedParallel for  
       deadline (200) num_threads(3){ 
2.         for (i = 0; i < 4; i++) 
3.            loopCode(); 
4.      } 
5.   } 

7#85&1!ZI!! K#6.&#*5.1'!F%&%9919!C(&!1O%EF91I!

f+!'+0%E#$!M1!E1%0!.;%.!(5&!&50,.#E1!'1$#'16!.;1!05E*1&!
(C!.;&1%'6!.(!6F9#.!.;1!$(EF5.%.#(0!(0!.;1!01#8;*(5&!0('1R6S3!
%$$(&'#08!.(!.;1!%N%#9%*#9#.+!(C!&16(5&$16I!f+!6.%.#$!M1!E1%0!

.;%.! #.! #6! .;1! F&(8&%EE1&! M;(! 6F1$#C#16! .;1! 6F9#..#08!
F&($1'5&1I!<(061T510.9+3!C(&!6(C.M%&1!M&#..10!*%61'!(0!.;#6!
E('193!#.!F&1610.6!%0!1O1$5.#(0!.#E19#01!6#E#9%&!.(!.;1!(01!#0!
7#85&1!e3!M;#$;!#6!&19%.1'!.(!.;1!$('1!#0!7#85&1!ZI!
?;1! ;(&#2(0.%9! 9#016! %&1! .;1! .;&1%'6! %0'! .;1! N1&.#$%9! 9#016!
&1F&1610.!C(&P6!%0'!`(#06I!=0!.;#6!$%61!.;1!parallel for!
$9%561!6F9#.6! #0!.;&11!.;&1%'63! .M(!%&1!1O1$5.1'!(0!.;1!9($%9!
0('1! %0'! %0(.;1&! #63! E%#09+3! 1O1$5.1'! (0! %! $((F1&%.#N1!
0('13! ;1&1%C.1&! M1! $%99! 65$;! P#0'! (C! 1O1$5.#(0! %6! *%.+4%)
%=%254/+&I!75&.;1&E(&13!M1!%96(!%665E1!.;%.!#.!#6!F(66#*91!.(!
6F9#.!.;1!*%.+4%)%=%254/+&!#0!.M(!.;&1%'6I!
J*61&N#08! .;1! .#E19#01! #0! 7#85&1! e3! M1! %665E1! .;%.! .M(!
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